Epitaxial ferroelectric Pb͑Zr 0.2 Ti 0.8 ͒O 3 ͑PZT͒ nanoislands and nanocapacitors were fabricated by stencil mask-assisted pulsed laser deposition. By x-ray diffraction reciprocal space mapping it was observed that PZT nanoislands contain mainly c-domains and residual fractions of tilted and nontilted a-domains, while extended thin films contain only c-domains and tilted a-domains. The presence of nontilted a-domains manifests clearly that the misfit strain is significantly reduced in PZT nanoislands, compared to the thin film. Some of the a-domains turned out to be switchable under an external electric field due to the strain relaxation in the PZT nanocapacitors. The piezoresponse of PZT nanocapacitors was higher than that of continuous thin-film capacitors.
I. INTRODUCTION
Ferroelectric thin films have attracted considerable interest due to their potential applications to capacitors with highdielectric constant, piezoelectric actuators, and nonvolatile ferroelectric random access memories. [1] [2] [3] The electrical properties of ferroelectrics are determined mostly by domain structures and their nucleation as well as their dynamics. 4, 5 For example, in the case of typical perovskite ferroelectrics, highly c-axis oriented ferroelectric thin films could be applicable to memory devices, while highly a-axis oriented ones are desirable for capacitor devices. The nucleation of domains and their wall motions can affect the coercive field during domain switching, and the mobility of 90°domains is related to the extrinsic contribution to physical properties in ferroelectric thin films. In this context, considerable research effort has been made to systematically investigate the contribution of domain structures to the ferroelectric properties by means of x-ray diffraction ͑XRD͒ ͑Refs. 6-8͒ and piezoelectric force microscopy ͑PFM͒. 9, 10 In the case of ferroelectric Pb͑Zr, Ti͒O 3 ͑PZT͒ or PbTiO 3 ͑PTO͒, nonswitchability of 90°domains due either to substrate clamping or to domain pinning has been reported by Xu et al. and Kholkin et al. 11, 12 On the other hand, it was also observed that 90°domains in an epitaxially grown thin PTO film can be switched under an external bias, although the fraction of switchable domains is rather small. 13, 14 Nagarajan et al. 15 also reported that 180°d omains could be pinned by the depolarizing field in spite of the high tetragonality of the unit cell. For practical applications of ferroelectric thin films, extensive investigations of domain structures and electrical properties in thin films were carried out. As a consequence, the dependence of the electrical properties on the domain structure in ferroelectric thin films has been intensively studied both theoretically and experimentally. [16] [17] [18] In contrast to extended ferroelectric thin films, studies on the impact of the lateral dimension on the domain structure and the electrical properties of nanostructured ferroelectrics have been somewhat deficient due to some technical difficulties involved in fabrication and characterization of very tiny ferroelectrics.
Recently, an ever-growing interest in practical applications of ferroelectric thin films to data storage devices with ultra-high density has spurred systematic investigations on nanometer-sized discrete features under the aspects of fabrication, 19, 20 characterization, 21 and theoretical modeling. 22 For nanostructured ferroelectrics it has been reported that strain relaxation can occur to a large extent, 23 and piezoresponse can significantly be enhanced due either to the switching or the elimination of 90°domains in patterned ferroelectric features. 24, 25 Lee and Baik 8 suggested that the final domain structures could be engineered simply by patterning the ferroelectric thin films, i.e., controlling the degree of strain relaxation. Therefore, it is crucial not only to fabricate structurally well-defined arrays of ferroelectric nanostructures over an extended area but investigate the evolution of domain structures, the key factors affecting the final domain structures, and their implications for the electrical properties in the sub-100 nm size regime.
In this paper, we report the effects of the size of epitaxial ferroelectrics on the final domain structure and on c-domain volume fractions both in Pb͑Zr 0.2 Ti 0.8 ͒O 3 ͑PZT͒ nanocapacitors and in thin films. Anodic aluminum oxide ͑AAO͒ mask assisted-pulsed laser deposition ͑PLD͒ was employed for the fabrication of large-area arrays of PZT nanoislands. PLD has been known to be useful for the fabrication of complex funca͒ tional oxide thin films of high crystalline quality. By extending the PLD approach, we were able to obtain PZT nanocapacitors with a uniform piezoresponse over an extended area. 26 The domain structure and the evolution of strain relaxation were characterized by reciprocal space mapping ͑RSM͒ using high resolution synchrotron XRD. The effect of a-domains and the strain relaxation on the electrical properties is investigated by PFM.
II. EXPERIMENT

A. Fabrication of ultrathin AAO masks
Ultrathin AAO masks were prepared according to the method reported previously. 26 In brief, a surface finished aluminum disk ͑99.999%, Goodfellow͒ was anodized at 40 V using 0.3 M H 2 C 2 O 4 ͑1°C͒. First anodization was conducted for 12 h. After that, the resulting porous oxide layer with disordered pores was removed by immersing the sample into an acid mixture ͑1.8 wt % chromic acid and 6 wt % H 3 PO 4 ͒ at 43°C for 12 h to obtain a textured surface on the aluminum surface. For a 400-nm-thick AAO membrane, the second anodization was conducted under the same condition as the first one for 140 s. After the second anodization, a thin layer of polystyrene ͑PS͒ film was spin-coated on the surface of the AAO at 3000 rpm for 1 min using an 1.4 wt % PS/CHCl 3 solution. Afterwards, the residual aluminum substrate was removed by floating the sample onto the surface of an acid mixture of CuCl 2 and HCl, where the aluminum metal was placed to come in contact with the etchant solution. The barrier layer could be selectively removed by placing the PS/AAO composite film on the surface of a 5 wt % H 3 PO 4 solution at 30°C for 30 min. The resulting PS/AAO composite film was transferred onto a desired substrate, and then immersed into CHCl 3 solution to completely remove the PS. The typical dimension of the resulting ultrathin AAO mask is Ͼ2 cm 2 .
B. Fabrication of PZT nanoislands
PLD of PZT material through masks was carried out at 650°C under high vacuum conditions ͑5 ϫ 10 −6 torr͒ using a KrF excimer laser with a wavelength of 248 nm, an energy fluence of 500 mJ cm −2 and a repetition rate of 5-10 Hz. After PZT deposition, extended arrays of PZT nanoislands were obtained by mechanically lifting off the stencil mask. From scanning electron microscopy ͑SEM͒ analyses, the lateral dimension of the resulting PZT nanoislands was estimated to be approximately 65 nm. In the present nanofabrication method, we were able to control the thicknesses ͑40, 30, and 15 nm͒ of PZT nanoislands by varying the PZT deposition time. Epitaxial PZT thin films were also fabricated by PLD for the comparative investigation of domain structures. Pt as a top-electrode was deposited at room temperature by e-beam evaporation on PZT for the fabrication of nanocapacitors with a Pt/PZT/Pt stacking configuration ͑i.e., metal/ferroelectric/metal; MFM configuration͒.
C. Characterization of PZT nanoislands and nanocapacitors
The epitaxial nature of the as-deposited films was confirmed by XRD with -2 scan along the substrate normal direction and by in-plane 360°-scans. The evolution of the domain structures in the ferroelectric nanoislands and the corresponding volume fractions of a-domains and c-domains were investigated by high resolution synchrotron XRD employing RSM at the 3C2 beam-line of the Pohang Light Source ͑PLS͒. For the two-dimensional ͑2D͒ plane scans in reciprocal space, a Huber four-circle diffractometer with a scintillation detector was used. MgO ͑lattice parameter a = 4.213 Å͒ and SrTiO 3 ͑STO͒ ͑a = 3.905 Å͒ were used as an internal reference for the fully relaxed state of lattice strain. The RSM of the HL-plane was conducted by keeping the Miller index k and varying h by Ϯ⌬h every increment ⌬l in l. In the same way, HK-plane was obtained by varying k by Ϯ⌬k every increment ⌬h in h while the l was kept at Bragg angle positions of each ͑001͒ and ͑100͒. The electrical properties of the nanostructures were investigated by a PFM ͑Au-toProbe CP Research͒ with a lock-in amplifier ͑SR830, Stanford Research͒ and using a Pt-coated cantilever with a spring constant of 2.8 N/m and a resonance frequency of 75 kHz ͑ATEC-EFM, Nanosensors͒. For the piezoresponse image and for local domain switching, a voltage of 0.3 V ac with 245 kHz and Ϯ3 V dc with a probing voltage of 0.5 V ac and 30 kHz were applied to the tip, respectively. Conventional transmission electron microscopy ͑TEM͒ investigations were carried out using a Philips CM 20 Twin ͑Philips, Netherlands͒ microscope. Some of the thin samples for TEM investigations were prepared by standard methods of mechanical polishing and ion milling. The other samples were prepared by focused ion beam ͑FIB͒ milling using a gallium ion beam in an FEI Nova 600 NanoLab system. Figure 1͑a͒ shows an ultrathin AAO mask ͑ϳ400 nm͒ prepared by anodization of an aluminum disk, subsequently placed onto a Pt-covered MgO ͑001͒ single crystal substrate. By taking advantage of a good thermal stability of the ceramic stencil material ͑i.e., AAO͒, PLD of PZT material was carried out at a rather high growth temperature ͑e.g., 650°C͒, to obtain arrays of epitaxial, single crystalline PZT nanoislands with a narrow size distribution ͓Fig. 1͑b͔͒. Subsequently, 5-nm-thick Pt top electrodes were sputterdeposited at room temperature to realize a novel capacitor structure with a Pt/PZT/Pt stacking configuration ͑i.e., MFM͒ as shown in Fig. 1͑c͒ ͑black arrows͒. The top metal electrode provides a homogeneous distribution of the electric field through the ferroelectric medium and a good contact between the tip and the top electrode during PFM operation, enabling a reliable electrical measurement. After that, extended arrays of structurally well-defined MFM nanocapacitors were obtained by simply lifting-off the AAO mask. We could not observe any structural changes in the stencil material during the deposition process. The epitaxial nature of a PZT thin film ͑solid curve͒ and the nanoislands ͑dashed curve͒ were confirmed by x-ray -2 diffraction ͓Fig. 1͑d͔͒ and in-plane 360°-scans ͓inset in Fig. 1͑d͔͒ . The in-plane 360°-scans of PZT thin film is not shown here. From the -2 scan, it is clear that PZT nanoislands grown on Pt/ MgO͑001͒ substrates are highly ͑001͒-orientated, and welldeveloped four peaks with 90º separations in -scan indicate the cube-on-cube epitaxial relationship of PZT͓100͔//Pt͓100͔ and PZT͑001͒//Pt͑001͒. AAO masks of different pore sizes can be conveniently prepared by anodic oxidation of aluminum under appropriate potentiostatic conditions using sulfuric, oxalic, or phosphoric acid as electrolyte. In our approach, the lateral dimensions of the PZT nanoislands are determined by the pore size of AAO mask ͓Figs. 2͑a͒-2͑c͔͒. On the other hand, the thicknesses of nanoislands are determined by PZT deposition time. Figures  2͑d͒-2͑f͒ show representative cross-section TEM images of 65-nm-sized PZT nanoislands grown on ͑d͒ and ͑e͒ Pt and ͑f͒ STO with thicknesses of ͑d͒ 40 nm, ͑e͒ 30 nm, and ͑f͒ 15 nm, respectively.
III. RESULTS AND DISCUSSION
A. PZT nanoislands and nanocapacitors
B. Domain structures of PZT nanoislands
In order to investigate the effect of lateral size and thickness of epitaxial PZT structures on the evolution of domain structure, comparative investigations were carried out by performing 2D RSMs for arrays of epitaxial PZT nanoislands and epitaxial PZT thin films with thicknesses of 40 and 15 nm. RSM measurements were performed on HL-plane to obtain information on a-domains and c-domains ͓i.e., ͑100͒ and ͑001͒ reflections͔ in the epitaxial PZT films and nanostructures grown on Pt/MgO ͑001͒. Figure 3 shows RSMs of ͑a͒ and ͑b͒ epitaxially grown PZT film with thicknesses of ͑a͒ 40 nm and ͑b͒ 15 nm, and ͑c͒ and ͑d͒ arrays of PZT nanoislands with thicknesses of ͑c͒ 40 nm and ͑d͒ 15 nm. In the RSM measurement, the MgO ͑a = 4.213 Å͒ was used as a reference for a fully relaxed state of lattice strain and ͑002͒ reflection of MgO corresponds to 2 of q͓00l͔, and the relative values of q͓00l͔ of PZT nanostructures were recorded, i.e., q͓00l͔ = 4.213/ d ͑d = lattice distance along substrate normal direction͒. The RSMs clearly manifest that the domain structure varies with thickness and dimension of PZT ͑i.e., discrete nanoislands versus continuous film͒. In the case of an epitaxial PZT thin film grown on Pt/MgO͑001͒, the PZT thin film is subject to compressive strain during the ferroelectric phase formation, resulting in a major fraction of c-domains ͑i.e., polarization along the substrate normal͒ and a minor fraction of fourfold symmetric a-domains ͑i.e., polarization almost parallel to the film plane͒. In the latter, the ͓00l͔ axes of the a-domains are tilted from the film plane by an angle, ⌬ = ͓90− 2 tan −1 ͑a / c͔͒° 0, forming a / c twin boundaries. 8 In the 40-nm-thick film, the reflection of a-domain region branches off diagonally from the c-domain region to both sides ͓Fig. 3͑a͔͒, while the corresponding reflection is absent in the case of 15-nm-thick film ͓Fig. 3͑b͔͒. Because the a-domains form to reduce the residual strain in the film above a certain critical thickness, it can be said that the strain is accumulated in the case of the 15-nm-thick film where a-domains do not form. It was observed that the domain structures of arrays of discrete PZT nanoislands mainly consist of a large fraction of c-domains and a residual fraction of a-domains with different domain configuration as shown in Figs. 3͑c͒ and 3͑d͒. In the case of 40-nm-thick PZT nanoislands, the shape of the reflection of the a-domain region in the RSM is rather flat and extends from side to side ͓Fig. 3͑c͔͒. This change in reflection shape of the a-domain region is similar to the case of continuous films under different strain states. Our previous works confirmed that when the strain state of thin films changes from compressive to tensile, the shape of the a-domain reflection also changes from diagonal to flat shape ͑Fig. S1͒. [27] [28] [29] This means that the 40-nmthick PZT nanoislands undergo relaxation of compressive strain compared to the thin film of the same thickness. In addition, the a-domains of PZT nanoislands consist of two types of structures as shown in Fig. 4͑a͒ and corresponding rocking curve in Fig. 4͑b͒ : the one is fourfold symmetric ͓corresponding to four types of tilted a-domains with approximately equal proportion as present in thin films as shown in Fig. 4͑c͔͒ and the other is centrosymmetric ͑corre-sponding to a single well-oriented a-domain͒. Unlike the fourfold symmetric a-domains, the centrosymmetric a-domains are nontilted ͑⌬ =0͒, i.e., the ͓00l͔ axes of the a-domains are aligned parallel to the plane of the underlying substrate ͓Fig. 4͑d͔͒. It should be noted here that the domain structure shown in Fig. 4͑d͒ is only a schematic in order to help understand the term "nontilted a-domains," and has no perspective on the real domain structure and the habit plane of the domain boundaries. In the viewpoint of energy minimization, ferroelectric domain boundaries should be uncharged. This requirement can be fulfilled only if the component of the spontaneous polarization ͑P s ͒, that is perpendicular to the domain boundary, equals on both sides 
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of the boundary. In the case of 90°a / c-domain boundaries, this criterion requires that the habit plane of the boundary is ͑110͒. In this respect, the schematic shown in Fig. 4͑d͒ violates the criterion required for the energy minimization; the domain boundaries are expected to be highly charged. We assume that such a / c-domain boundaries, if present, might be characterized by defective lattices or dislocations, and have rather broad walls as represented in Fig. 4͑d͒ . In fact, our recent study indicates that charged domain boundaries, which can be metastable due to the stabilization by aliovalent cations ͑i.e., Ti 3+ in PZT͒ or due to a polarization switching process, are much broader than noncharged boundaries. 30 In the case of PZT nanoislands grown on STO, unlike the PZT grown on Pt, the a-domains observed are all centrosymmetric ͑Fig. S2 of Ref. 29͒. As the thickness of PZT nanoislands decreased, all a-domains disappeared completely. PZT nanoislands grown on the STO undergo stronger compressive strain than on Pt, thus it is believed that the strain relaxation occurs more, resulting in the single nontilted a-domains. The appearance of nontilted a-domains in discrete PZT nanoislands can be attributed to the reduced misfit strain, and this is in good agreement with the recent observations from patterned PTO with an aspect ratio ͑f = h / d d: lateral dimension, h: height͒ of almost one, where the compressive strain caused by the underlying Pt layer can be significantly reduced, compared to the case of a continuous ferroelectric film. 8 In contrast, our previous work also revealed that PTO nanoislands fabricated by a chemical route with low aspect ratio ͑f = 0.15-0.25,͒ did not contain nontilted a-domains. 31 Therefore, the present observation suggests that the presence of non-tilted a-domains is rather related to the high aspect ratio, i.e., a high degree of strain relaxation. As the thickness of the PZT nanostructures decreases down to 15 nm, the intensity of both sides of the a-domain reflections decreases but still remains unlike the 15-nm-thick film. This observation reveals clearly that the strain could be relaxed even in the discrete 15-nm-thick nanostructure due to the residual a-domains.
C. Piezoelectric properties of PZT nanocapacitors
The impact of domain structure and strain relaxation in epitaxial PZT nanocapacitors on the electrical properties was investigated by PFM measurements. For accurate electrical measurement, ferroelectric nanocapacitors with Pt/PZT/Pt configuration ͑i.e., MFM nanocapacitors͒ were fabricated. Figure 5 displays ͑a͒ topography, ͑b͒ piezoresponse image of 40-nm-thick MFM nanocapacitors, and ͑c͒ and ͑d͒ autocorrelation functions of the respective images. Large-area arrays of MFM nanocapacitors showed a uniform piezoresponse. hysteresis runs can be attributed to the a-domain switching in the MFM nanocapacitors under an applied electric field. The presence of switchable a-domains has already been observed by Nagarajan et al. 25 who showed that a significant enhancement of the piezoelectric response can take place due to the reduced substrate clamping and the movement of ferroelastic domain walls, when the continuous ferroelectric thin film is patterned into micrometer-sized discrete islands. We believe that a-domains in discrete MFM nanocapacitors are also highly mobile under an external bias as a result of the reduced misfit strain, which is supported by our RSM analyses that evidenced the evolution of a high degree of misfit strain relaxation in discrete PZT nanoislands. Nagarajan et al. 32 also demonstrated that the intrinsic value of the piezoresponse can be obtained in a patterned thin film due to the strain relaxation. We observed that the remanent piezoelectric coefficient of MFM nanocapacitors is higher than that of a continuous PZT thin film ͑see Fig. 6͒ . About 50% increase in the remanent piezoelectric coefficient can also be attributed to the stress release.
IV. CONCLUSIONS
Large-area arrays of epitaxial 65-nm-sized PZT nanostructures on Pt/MgO ͑001͒ were fabricated by AAO maskassisted PLD. In the case of a 40-nm-thick PZT thin film, only fourfold symmetric a-domains were observed, while PZT nanoislands with comparable thickness contain both fourfold symmetric and centrosymmetric a-domains simultaneously, indicating that the PZT nanoislands are subject to misfit strain relaxation. In addition, the centrosymmetric a-domains are present only in the nanoislands with low scaling ratio, which means that the strain relaxation is related to the scaling ratio of the nanoislands rather than thickness or lateral dimension itself. According to the PFM analyses, it also turned out that the a-domains in discrete MFM nanocapacitors are switchable due to the stress relief, resulting in an increase in the remanent piezoelectric coefficient. Despite the tiny volume, MFM nanocapacitors also showed a higher remanent piezoelectric coefficient than micrometer-sized ferroelectric capacitors with comparable thickness of PZT due to a significant strain relaxation.
